We analyze nonlinear magneto-optical rotation (NMOR) in rubidium vapor subjected to continuously-scanned magnetic field. By varying magnetic-field sweep rate, a transition from traditionally-observed dispersive-like NMOR signals (low sweep rate) to oscillating signals (higher sweep rates) is demonstrated. The transient oscillatory behavior is studied versus light and magneticfield parameters, revealing a strong dependence of the signals on magnetic-sweep rate and light intensity. The experimental results are supported with density-matrix calculations, which enable quantitative analysis of the effect. Fitting of the signals simulated versus different parameters with a theoretically-motivated curve reveals presence of oscillatory and static components in the signals. The components depend differently on the system parameters, which suggests their distinct nature. The investigations provide insight into dynamics of ground-state coherence generation and enable application of NMOR in detection of transient spin couplings.
I. INTRODUCTION
Light, coherently coupling energy states of a microscopic system (e.g., atom, molecule, ion, etc.), may induce quantum coherence between the states. In a specific example of interaction of atoms with not-too-weak linearly (σ) polarized light, in which at least one of the coupled levels has a rich magnetic structure (numerous magnetic sublevels), Zeeman coherences between the sublevels are generated. This may result in pumping of the atoms into a coupled state (dark state), where they do not absorb resonant light [1] . More generally, the coherence may give rise to various nonlinear optical phenomena, many of which currently are objects of intense studies [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] .
The evolution of atomic polarization/quantum coherences has been studied in both transient and steady states in various light-induced coherent phenomena. In the context of transient behavior, such effects as electromagnetically induced transparency (EIT) and electromagnetically induced absorption (EIA) [2] [3] [4] [5] [6] , coherent population trapping (CPT) [7] [8] [9] [10] , and nonlinear magnetooptical rotation (NMOR) [11, 12] were studied. In most of these studies, the transient response of the atomic medium were examined either by sudden change of light frequency or magnetic-field strength [4, 8] . For example, Valente et al. studied the temporal evolutions of EIT and EIA resonances in an Rb vapor as the magnetic field was suddenly turned on or off [4] . The authors observed that when the field was suddenly switched on, the transient oscillations of optical signals are observed in both EIT and EIA resonances. At low light intensity, the dynamics of the oscillations in EIT and EIA was similar, i.e., same decay rates of the oscillations were observed. At high light intensity, the EIA oscillations de- * pustelny@uj.edu.pl cayed faster as EIT ones. This originated from different dynamics of coherence generation and relaxation in both cases. Park et al. investigated the transient oscillations of CPT signals when the laser frequency was changed by continuous sweeping (triangular waveform) or sudden detuning of light [13] . When light was abruptly detuned from the optical resonance the oscillations were observed. It was shown that the time period of the oscillations was inversely proportional to the detuning. Similar results were obtained in EIT spectra of laser-cooled 87 Rb atoms produced by a magneto-optical trap [14] .
The transient dynamics of optical signals can also be used practically. For example, atomic clock based on transient oscillations of CPT signal were demonstrated [15] [16] [17] . Recently, the time domain analysis of the coherent transient oscillations has been used for magnetometry [18] [19] [20] [21] [22] . In these studies, first the atomic polarization was generated in a medium through optical pumping. Next, an auxiliary magnetic field was switched off and the precession of atomic alignment due to the field was measured as a function of time. Finally, the Larmor frequency corresponding to unknown magnetic field was directly extracted by numerically fitting of measured transmission signal and hence the field strength was determined [18, 20, 22] .
The transient response of polarization rotation due to continuous change of the magnetic field in a Rb-vapor cell was examined by Momeen et al. [11] . These studies were performed at high laser power, so that the excited-state population of the atomic transitions was saturated. The authors experimentally demonstrated the oscillatory bahavior of NMOR signal. They showed that the dynamics of the signal depends on the hyperfine level light is tuned to. Particularly, at low magnetic-field sweep rate, the linewidth of a resonance observed with light tuned to a lower ground-state hyperfine level was narrower than that observed for upper ground-state hyperfine level tuning. Dimitrijević et al. [23] theoretically analyzed the transient behavior of NMOR of light pulse, propagating through a cold atomic gas. It was shown that during rising pulse intensity a traditional, a dispersively-shaped NMOR signal was observed and during its falling oscillatory behavior of rotation angle was observed.
In the present work, a detailed study on the transient response of NMOR signals is performed. We analyze the transient behavior dependence on the different parameters, including light intensity and magnetic-field amplitude and modulation frequency (sweep rate). First, the magnetic-field is swept at low sweep rate and a situation similar to that encounter in traditional NMOR is reproduced. Later, the faster sweep rates are investigated. In the case, the oscillations of polarization rotation are detected while scanning magnetic field across zero. We demonstrate that it is the sweep rate not amplitude or frequency of the modulation that determines the system dynamics. We also investigate a role of pumping and relaxation rate on systems transient dynamics via measurements of NMOR signals at different light intensities. We show that increasing of light intensity leads to faster decay of the oscillations, and at higher intensities, all the oscillations are completely deteriorated. We analyze the signals quantitatively by fitting them with theoretically motivated curve. The analysis shows that the amplitude of the oscillations decreases as the sweep rate is increased but their decay rate remains same. All these results are confirmed with density-matrix calculations.
II. EXPERIMENTAL SETUP
The schematic diagram of experimental setup is shown in Fig. 1(a) . A paraffin-coated buffer-gas-free vapor cell, containing isotopically enriched sample of 87 Rb, is placed at the center of four-layer magnetic shield (three mumetal layers; one innermost ferrite layer). The shield attenuates external magnetic field by at least a factor of 10
6 [24] . The cell is operated at room temperature, corresponding vapour density of about 10 9 atoms/cm 3 . Magnetic-field coils [not shown in Fig. 1(a) ] are installed inside the shield to further compensate the residual magnetic fields and to generate magnetic field along the light propagation direction. A computer-controlled multichannel current source is used to drive current through the coils. The longitudinal magnetic field is generate and scanned with a function generator. The field is scanned at different sweep rates by varying scanning frequency (between 10 mHz and 20 Hz) and magnetic-field amplitude (between 0.14 mG to 1 mG). A diode laser (Toptica DL Pro), emitting light of a wavelength of 795 nm and spectral width of less than 1 MHz, is used. The light propagtes along z -axis (k z) with polarization vector along the x -axis (E x). The laser frequency is modulated at Ω m /(2π) = 80 kHz with a modulation amplitude of a few hundred megahertz. Application of the frequency-modulated light is not motivated by the desire of detection of stronger magnetic field, such as in Ref. [25] , but rather the willingness of application of phase-sensitive detection and increasing signalto-noise ratio. The laser is tuned to the low-frequency wing of the Doppler broadened F g = 2 → F e = 1 transition of 87 Rb D 1 line, where maximum rotation signal is observed, and stabilized with a dichroic atomic vapor laser locked exploiting micro-cell filled with rubidium vapor and buffer gas [26] . The frequency of the laser is monitored with the saturation absorption spectroscopy system and HighFinesse WS Ultimate wavemeter.
Rotation of a polarization plane of linearly polarized light is detected using a balanced polarimeter, consisting of a Glan-laser crystal polarizer (GLP), which axis is oriented at 45
• with respect to a polarizer (P) placed before the vapor cell, and two photodiodes, measuring intensity of light directed into two channels of GLP. The photodiode difference signal is demodulated with a lockin amplifier, operating at the first harmonic of the light's modulation frequency. High modulation frequency enables application of a short time constant (300 µs), which ensures absence of signal distortion due to phase-sensitive detection. The locking output signal is observed with a digital scope. The measurements are performed at various light intensities, controlled using a half-wave plate (λ/2) situated before the input polarizer P, and sweep rates.
III. THEORETICAL MODELING
A theoretical analysis using a density-matrix approach is performed to understand a quantum evolution of the system. The time evolution of the density matrix ρ is given by the Liouville equatioṅ
where H is the total Hamiltonian incorporating such processes as optical pumping and interaction of atoms with external magnetic field. Spontaneous decay of the excited state and uniform relaxation of all atomic states is described by the relaxation operator Γ. Repopulation of the system due to reservoir is described with the operators Λ. The square and curly brackets represent the commutation and anticommuniation operations, respectively. The total Hamiltonian H can be written as the sum of an unperturbed Hamiltonian H 0 and the operators describing interaction of atoms with light V l and magnetic field V B . Here, we consider the light-atom interaction in the dipole approximation V l
where d is the electric dipole momentum and d x = qx is the x-component of the operator, with q being the elementary charge and x being the x-position operator. E is the electric field of x-polarized light which is polarized along x direction, E 0 is the amplitude of the electric field of light, and ω is the light frequency. The timedependence of the optical frequency is eliminated from the description by application of rotating-wave approximation [27] .
The magnetic-field interaction operator may be written as
where µ is the magnetic dipole moment, µ B is the Bohr magneton, g F is the Landé factor, F z is the z-projection spin operator, and B(t) is the time-varying magnetic-field amplitude. The time-dependent magnetic field, oriented along the light propagation direction, is modulated with triangular waveform
where Ω n and B 0 are the magnetic-field modulation frequency and amplitude, respectively, and z is the unit vector.
In our simulations, a two-level system, with F = 1 in the ground state and F = 0 in the excited state, is considered [ Fig. 1(b) ]. In the scheme, the x-polarized light, consisting of σ ± components, couples the ground-state Zeeman sublevels m g = ±1 with the excited-state sublevel m e = 0. This generates optical coherences between ground and excited states (ρ −e and ρ +e ) but also the Zeeman coherence ρ −+ between the m F = 1 and m F = −1 ground-state magnetic sublevels.
The polarization rotation is determined by the optical coherences (see, for example, Ref. [28] Supplemental Material)
where σ ±e are slowly evolving envelops of the optical coherences ρ ±e , ρ ±e = σ ±e exp(−iωt). As shown, for example, in Ref. [12] , the optical coherences depend on the ground-state Zeeman coherences [curved arrow in Fig. 1(b) ], so that the narrowest component (with respect to the magnetic field) of the observed NMOR signal is determined by the ground-state coherence
Substituting Eqs. (2)- (3) into Eq. (1), one gets the formula for the time evolution of the Zeeman coherences in the systeṁ
where Ω R = dxE0 is the Rabi frequency of light and γ is the ground-state relaxation rate.
Numerical calculations of Eq. (7) enable simulations of dynamic of NMOR signal for modulated magnetic field. Below, the results of these simulations are compared with the experimental data. Figure 2 shows NMOR signals measured as a function of time at different magnetic-field sweep rates. For low sweep rates ( 10 µG/s), the signal is similar to a traditionally recorded NMOR signal [ Fig. 2(a) ]. However, the more thorough analysis reveals a small asymmetry between two sides of the signal (one arm of the resonance is larger than the other). This is not observed in conventional NMOR signals and indicates in-complete equilibration of the system in Fig. 2(a) . It was verified with independent measurements that the asymmetry disappears for even lower sweep rates (not shown). [29] . The oscillations indicate that the system undergoes changes much faster then its relaxation rate. In such a case, experimental parameters (magnetic field) change significantly before equilibration so that atoms continuously tend toward a different equilibrium. As the parameters change continuously, this leads to time variation of the NMOR signal and appearance of the oscillations. The oscillations are damped and their period rises due to continuous increase of the magnetic-field strength (B > 0). The damping is a result of coherence relaxation through a reservoir effect (collisions of atoms with uncoated cell surfaces, particularly, metallic droplet within the stem) but also repumping of atoms with CW light (orientations of spins generated at different times vary, which leads to averaging transverse polarization, while longitudinal polarization is not affected or even enhanced). Since these processes depend on time not on a instantaneous value of magnetic field, the signal decay rate remains constant for different sweep rates.
IV. RESULTS AND DISCUSSION
In Fig. 2(a) , at low sweep rate, amplitude of the signal is roughly a factor of two smaller than at the higher sweep rate [Figs. 2(b) & (c) ]. We checked in simulations that the increase in rotation angle at higher sweep rates is due to the presence of residual field in our experiments (more details will be presented in Ref. [30] ). In scope of this observation, we have introduce some residual magnetic field to our simulations [Figs. 2(d) to (f)] to better reproduce the experimental conditions.
The polarization rotation for a given sweep rate (914 µG/s) but various light intensities is next investigated (Fig. 3) . At low light intensities [ Fig. 3(a) ], the passage of magnetic field through zero causes oscillations of NMOR signal. The behavior is similar to that demonstrated in Fig. 2(c) . At higher intensities the oscillations are observed but they decay faster [ Fig. 3(b) ]. No oscillations are observed at even higher light intensities [ Fig. 3(c) ]. The reason for such a change in the observed dynamics is light-induced modification of the groundstate relaxation rate (power broadening), which causes that the system reaches the equilibrium state faster. In turn, at a given rate the system may equlibrate before physical conditions are significantly changed, or not equilibrate if the relaxation is long. Thereby, the oscillations of the NMOR signal observed at higher light power (larger power broadening) disappears and a signal similar to that traditionally recorded in NMOR is observed.
To demonstrate that the sweep rate not the magneticfield scanning frequency or the change amplitude determines the transient dynamics of NMOR signal, the polarization rotation is measured at different scanned-field amplitudes and frequencies but same sweep rates (Fig. 4) .
The data shown in Fig. 3(a) confirm that despite the difference in scanning-field frequency and amplitude, the same transient behavior is observed in both signals for a given sweep rate. Particularly, oscillation amplitude and time period is independent from individual values of both these parameters. In order to supplement the experimental data, the NMOR signals are simulated using the approach described in Sec. III. The signals are calculated for a set of parameters identical to that used in the experiments except the Rabi frequency. The difference in the Rabi frequency stems from simplifications of our model. Particularly, in our model atoms are motionless while in the real experiment they continuously go in and out of the light beam. As shown in Ref. [31] , this motion results in spatial averaging of light power over whole cell volume and hence effective lowering of the Rabi frequency. In turn, the lower value of Rabi frequency more thoroughly corresponds to the experimental situation than the value directly extracted from light intensity.
First, the time-dependent NMOR signals are computed at different magnetic-field sweep rate. As shown in Fig. 2 , a good agreement between experimental data and simulations results is achieved. Particularly, for low sweep rates, the (quasi-)symmetric NMOR signal is observed [ Fig. 2(d) ]. This behavior changes when sweep rate is increased, i.e., when damped oscillations arise [Figs. 2(e) & (f)]. We also reproduce the rotation signals dependence on light intensity by modifying the Rabi frequency (Fig. 3) . Finally, we confirm that the signal dynamics depends on the sweep rate, not on scanning field amplitude or frequency [ Fig. 4(b) ].
To further investigate the transient dynamic of the system and to derive quantitative information, we adapt an approach developed in Ref. [4] for electromagnetically induced transparency and absorption. In the approach, the density matrix ρ is reorganized into the vector R and the Liouville equation is rewritten into the forṁ
where M is the matrix describing all density-matrixdependent processes and R 0 is the vector describing all the density-matrix-independent processes. Via diagonalization of the matrix M , one can write the solution of 
Eq. (8) in a general form
where λ i are eigenvalues and v i eigenvectors of the matrix M , and the coefficients a i depend on the initial state of the system. In the case of two-level atom, one can use Eq. (9) to write the equation for the time dynamics of our system
where ϕ o and ϕ s are the amplitudes of the oscillatory and static part of the signals, respectively, γ o and γ s are corresponding decay rates, φ is the oscillation initial phase, S is the sweep rate, given in Hz/s units, and t 0 is the zero-crossing time. Equation (10) reveals existence of two components in the observed signal. The first is the oscillatory component, arising due to nonequilibrium dynamic of the system. It is related to the ground-state coherences and its evolution in the magnetic field. The second component does not reveal any oscillations. It is believed that the component corresponds to the equilibrium processes, i.e., the processes arising at faster time scale. An example of such a process is optical pumping.
Besides the amplitude and relaxation rates, Eq. (10) also contains the phase term φ, which accounts for existence of nonnegligible Zeeman coherence at t 0 . While such a coherence may be generated at t < t 0 , the efficiency of the process depends on the sweeping rate (the faster rate, the less time for coherence generation). Hence there is nonzero coherence that contributes to the coherence at t > t 0 . Such a coherence may also arise as an artifact of our measurement procedure and implementation of continuous scanning of magnetic field with a triangular waveform. For higher scanning frequencies (shorter scanning periods), the coherences may not completely relax before entering successive sweep cycle. Both effects may cause oscillations at t < t 0 , thus the phase term, and sweep-rate-dependent modification of the oscillation amplitude (see below).
To study the dependence of the NMOR signal on the magnetic-field sweep rate, we simulate the rotation signals at magnetic-field sweep amplitudes (from 0.1 mG to 1.0 mG) and frequencies (from 1 Hz and 10 Hz) and next fit the signals according to Eq. (10). Figure 5(a) presents the dependence of the oscillation amplitude ϕ o on both parameters. As shown, the amplitude decays with the sweep-rate increase (either through increase of the magnetic-field scanning amplitude or frequency). This is caused by the fact that faster sweepings leads to less efficient coherence generation (there is less time for medium polarization). Interestingly, at higher scanning frequencies, some oscillations in ϕ o are observed. For example, there is a significant increase in the rate for Ω n = 8 Hz.
To investigate this process, we simulate the oscillation amplitude ϕ o as a function of scanned magnetic-field amplitude, fixed modulation frequency, and two distinct Rabi frequencies (Fig. 6) . The amplitude of oscillatory component decreases with the modulated-field amplitude but additional modulation in the dependence is observed. A period of the modulation is independent from the Rabi frequency, but its amplitude strongly depends on the quantity. The oscillations observed in the ϕ o dependence stem from optical pumping at t < t 0 . This earlier generated Zeeman coherence evolve due to magnetic field and they sum up with the coherences generated at t > t 0 . Depending on the dynamics of the coherence evolution, determined by the sweep rate, the coherences may add up constructively (if the precession phase matches) or destructively (when the coherences add out of phase). The addition of the coherences results in enhancement or deterioration of the rotation. Besides simple phasing of the coherences generated at different times, one should also considered relaxation of the coherences. In general, the faster the relaxation, the less "memory" the medium has and hence less pronounced the intereference effect is. This is why, for larger light intensities the effect is less significant (larger ground-state relaxation) than for less intense light (when relaxation is prolonged). Figure 5 also shows three other fitting parameters: amplitude of the nonoscillation component ϕ s , and the decay rates of the oscillation and nonoscillating components, γ o and γ s , respectively. While the amplitude dependence of the nonoscillating component follows the same trend as oscillatory-component amplitude, no modulation in the dependence is observed and the nonoscillating component value is three times smaller than the amplitude of the oscillating component. The decay rate of the oscillating component γ o is shown in Fig. 5(c) . Interestingly, the rate does not depend on magnetic-field scanning parameters (small fluctuations arise due to nonideal fitting). This proves that relaxation of the oscillating component is predominantly determined by the reservoir effect. This contrasts the dependence of the decay rate of the static component γ s , shown in Fig. 5(d) , which strongly depends on the sweep rate. The different behavior indicates that the observed static rotation explicitly depends on the contemporary magnetic field, but the system equilibrate much faster so that no rotation is observed. This observation suggest that the stationary part may be related to optical pumping.
Numerical simulations provides additional capabilities in investigating dynamics of the system. For example, one can investigate NMOR signals on the ground-state relaxation rate and Rabi frequency, independently. Such deconvolution is not possible in our experiment where changing the Rabi frequency simultaneously changes the ground-state relaxation rate. To fully explore the dynamics of the system, the NMOR signals are simulated for different Rabi frequencies and ground-state relaxation rates at a fixed sweep rate. Figure 7 shows the dependence of the amplitude ϕ o and decay rate γ o of the oscillating component, as well as the amplitude ϕ s and decay rate γ s of the static component on both parameters. Similarly as before, the amplitudes of oscillating and static components reveals analogous dependences on both parameters [Figs. 7(a) & (b)]. For instance, amplitude of both components increase when more-intense light is used. This suggests that coherence are generated more efficiently at higher Rabi frequencies. Somewhat counter-intuitively, the dependences also show that at higher Rabi frequencies, the amplitudes increase with ground-state relaxation. This effect may be explained as follows. For higher Rabi frequencies the system is saturated. The saturation means strong repumping of initially created coherence, which leads to deterioration of the signal. For higher groundstate relaxation the saturation is reduced and the effect is limited, leading to signal increase. Besides amplitudes, Fig. 7 also presents the decay rate of the oscillating component γ o . The rate increases with both the ground-state relaxation rate γ and the Rabi frequency Ω R . While the former affects the rate directly, the latter effects the rate via power broadening. It is noteworthy that, however the scaling of γ o with the ground-state rate γ is linear, but it is not one-to-one. In contrast to γ o , the static decay rate γ s is almost independent on γ and Ω R . Such a dependence suggests that the static and oscillating components are having different source of origin. We believe that optical pumping is responsible for the process.
V. CONCLUSION
We have studied the transient dynamics of nonlinear magneto-optical rotation in a paraffin-coated Rb cell at weak yet continuously varying magnetic field. We demonstrated that at low magnetic-field sweep rate, the shape of the rotation signal is similar to the traditionally observed NMOR signal. The only difference is a small asymmetry between two wings of the signals, which is the first indication of transient response of the atomic medium. When the sweep rate is increased, the signal starts to oscillate during crossing zero field. The origin of these oscillations is well understood and it indicates that the atomic medium does not achieve equilibrium before significant change of physical parameters occurs. At the same time, the oscillations die out due to relaxation, averaging with optical pumping during the spin precession. We further investigated the effect of scanning magnetic-field amplitude and frequency on the transient response. We demonstrated that the transient response of two signals with equal sweep rate but different scanning amplitudes and frequencies is the same. The dependence on the ground-state relaxation rate is investigated by increasing the light intensity (experiment). It is shown that for the higher intensities, the system reaches equilibrium faster and no oscillations are observed. This is also confirmed with numerical calculations where the Rabi frequency and ground-state relaxation rate are independently modified.
The proposed scheme may enable detection of transient magnetic field or other scalar spin couplings. The effect may be used to detected abrupt changes of magnetic field such as induced by rapid demagnetization of materials or pulses of currents (electric sparks). In fundamental research, the effect may be used in searches for transient exotic spin couplings caused by axion-like-particle topological defects [32] performed with the Global Network of Optical Magnetometers for Exotic physics searches [33] .
